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The transient pumping characteristics of supersonic ejector systems are investigated
both theoretically and experimentally. The theoretical analysis of this transient problem

is based on quasi-steady flow concepts. The steady-state ejector analysis, upon which the

present st_uty must be based, considers the basic interaction between the primary and
secondary streams as well as the viscous mixing effects which are the predominant flow

mechanism at small secondary flow rates. The results of applying this steady-state

analysis to the present problem are presented and shown to be in excellent agreem_j.
with experimentally observed ejector starting characteristics. C_.___

Introduction

HIGH-ALTITUDE simulation for rocket-engine testing

is often accomplished by employing the ejector action of the

rocket-engine exhaust stream, Fig. 1, to lower the pressure in the

secondary chamber and, hence, at the engine exit plane. In
order to obtain meaningful steady-state test results in this man-

ner, the characteristic time associated with the attainment of the
final simulated conditions must be much less than the duration of

the overall rocket-engine test. The present analysis is restricted

to the aspects of the ejector action which eventually produces the

final simulated high-attitude conditions.

For a given ejector configuration the minimum simulated pres-

sure occurs when the secondary flow rate is zero as a consequence

of the primary stream expanding and subsequently attaching to
the diffuser wall. This minimum simulated pressure, which is

equal to the pressure of the fluid in the wake thus formed, is
generally termed as the internal base pressure. It]aasbe_

establi%hed [2-5] _ that the internaI base pr6ssure problem is

characterized by the viscous m_xing between the primary stream
and the fluid entrained in the wake and the recQmpression which

occurs near the reattachment point. Since this flow condition is

IT his paper is based on the PhD thesis, reference [1], by A. L.
Addy.

'_Numbers in brackets designate References at end of paper.
Contributed by the Fluid Mechanics Subcommittee, Fluids Engi-

neering Division, for pre_ntation at the Fluids Engineering Con-
ference, Philadelphia, Pa., May 18-21, 1964, of TIIE AMERICAN
SOCmTY OF MECHXNiCAL ENGINEERS. Manuscript received at
ASME HeadquarLers, February 20, 1964. Paper No. 64--FE-9.
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Fig. 1 Typical altitude-simulation system for rocket-engine telling

maintained by the viscous mixing effects, it is expected that this
mixing would also play a dominant role in its establishment.

Ihrig and Korst [6] have shown in a recent investigation of the

adjustment of separated flow regions subject to transient external
flow conditions that the characteristic times associated with ad-

justment of transport quantities are much larger than the

characteristic time required for adjustments resulting from pres-

sure waves. Such conclusions encouraged the study of the present

problem on a quasi-steady basis; namely, that the pumping char-

acteristics at any instant can be described by the corresponding

steady-state ejector performance.

A survey of previous analyses [7-11] of steady-state ejector

systems indicated that these treatments (e.g., by Fabri, et al.
[9-11] ) cannot be adopted for the present study since the viscous

effects were completely ignored. A more comprehensive analysis,

including the viscous effects, of steady-state supersonic ejector

systems was developed by the authors.

In this paper, the prediction of the starting characteristics era-

Nomenclature

A = area

(u
C

l -l-_ 1 _4_ '
"Umax

Croeco number

D = diameter

k, k = cp/c., ratio of specific heats

L = length of cylindrical tube
Ni = Machnumber

k -- 1 \'/'

M* = (_M'/I+-_--M')

P = absolute presto=re

P, = ambient pressure, see Fig. 2

R = radius, or gas constant

T = absolute temperature

t = time, or thickness of primary
nozzle base

t = dimensionless time (see text

for definition)

u = velocity component in the x-
direction

V ffi velocity or secondary volume

(V°)

Vb = velocity component of sec-
ondary fluid in y-direction

at large negative value of
IV = mass rate of flow

x, y = coordinates in intrinsic coor-

dinate system
X, Y = coordinates in reference coor-

dinate system

Z = abscissa of coordinate system

?7 = _r -Y, dimensionless coordinate
x

7/,, = dimensionless shift of intrinsic
coordinate system x, y with

respect to reference coordi-
nate system X, Y

a = tan -1 [II(M 2 -- 1)'/'], Mach

angle

0 = streamline angle

p = density

= similarity parameter for ho-

mogeneous coordinate y/x

_p = u/u., dimensionless velocity

A =" To�To,, stagnation tempera-
ture ratio

-- o'11_*
-- = dimensionless displacement

x_ thickness for jet-mixing re-

gion

_'(t) = instantaneous secondary-to-

primary stagnation pres-

sure ratio, Po.(t)/Pop

r = dimensionless time, t/t

(Continued on ne2_ _>aoe)
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ploying the recently established steady-state analysis is pre-

sented. In addition, ttle starting and steady-state ejector charac-

teristics are compared with experimental results.

Transient Analysis
For the ejector geometry shown in Fig. 1, the objective of this

analysis is to establish the secondary stagnation pressure (Po,) as

aflmction of time after the primary flow is established arid main-

rained at a constant value. The analysis is restricted to those

c_es where the amt)ient-to-primary stagnation pressure ratio

(Pa/P0p) is less than or equal to the value (Po/Pop), which is just

required to reduce the steady-state secondary stagnation pressure

ratio (P0,/P0p) to the internal base pressure ratio for the given

geometry. 3 In addition, the primary and secondary fuids are

_sumed to have the same composition and to obey the equation

of state, P = pRT.

If the fluid in the secondary volume is assumed to be of uniform

density po,(t) at each instant, the continuity equation in non-

steady form is

_ po,(t)dV = -W.(t) (1)

where W,(t) is the instantaneous secondary flow rate. Assuming

that the secondary fluid expands isentropically so as to occupy the

volume completely, equation (1) can be written as

l-k

-v. [P0.(t)1 de0.(t) (2)
W,(I) - kRTo,,o LP_..oJ dt

where the subscript 0 denotes the initial value of the secondary

variables.

Tim primary-flow rate can be used to obtain a convenient non-

dimensional form of equation (2). It is

W,(t) FTo,.ol '/' ,-k
w, LT_J = -_ k (d_/d(t/G)) (3)

where, for convenience, the constant G and the dependent wu'iable

_'(t) are defined as

k+l k--I

a = _. LA/(kgoRTo,,o)I/'J L_Pu, ._

and

t(t) = Po,(t)/Po. (5)

* The ambient-to-primary pressure ratio (Pa/Pov),, defiued in [12,

13] as the "starting" pressure ratio, can he estimated reasonably well
for certain geometries [2]. An empirical relationship for calculating
this starting pressure ratio has also been developed in [12, 13 ].

Nomenclature

Subscripts

0 = stagnation condition or initial

condition

1 = section 1

2 = section 2

4 = state downstream of oblique

shock, see Fig. 7

a refers to primary stream within

two-stream mixing region, to

free-stream adjacent to mix-

ing region, or ambient con-
ditions into which diffuser

duct is exhausting

b = secondary stream within two-

stream mixing region

d = discriminating streamline

e = exit section of ejector system

i = inviscid flow
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Fig. 2 Flow model for ejector systems

Based on the quasi-steady flow concept, the mass-flow ratio

from equation (3) can be expressed functionally as

LT_-o_J = F(t) (6)

The functional relationship between the mass-flow ratio and the

instantaneous stagnation pressure ratio must be determined from

the steady-state ejector characteristics. On this basis, a form of

equation (3) which is more amendable to numerical calculation is

l--k

ff _- k d_"('- = - r ..
o I" [ l I

L w, \_o_0_/ j

where t0 and _'0 are reference initial conditions.

The functional relationship given by equation (6) will now be

established from the steady-state analysis of the ejector pumping

characteristics. After this relationship has been established, the

secondary stagnation pressure ratio, _ = Po,/Pop, can then be

easily determined as a function of time from equation (7) for given

values of the initial conditions.

Steady-StateAnalysis_
The ejector configuration to be studied, along with the asso-

ciated notation, is shown in Fig. 2. For simplicity, the essential

A more detailed analysis of the steady-state ejector operating
characteristics is presented in [1] and a l_aper submitted by the
authors to the AIAA Jol_rnal entitled, "On the Interaction Between
the Primary and the Secondary Streams of Supersonic Ejector Sys-
tems and Their Performance Characteristics," submitted May, 1963,
and revised November, 1963. Accepted for publication, February,
1964.

j = jet-boundary streamline

1 = limiting initial secondary-flow

Mach number

m = states of fluids when secondary

flow has a minimum flow area

M = mixing region; e.g., xi

length along mixing region

p = primary stream

s = secondary stream or value of

pressure ratio required to

just attain base pressure for

a given geometry

w = shroud wall

n, n', q = points in inviscid flow fields,

see Fig. 5

_/n_, _?Rb = large positive and negative

values of _/, see text

I = jet mixing of one stream with a

1 i

quiescent wake

II = two-stream jet mixing

Functions and Integrals

[kg_\V' (1 k-- I M2)V_f(M)= k ) M +
1[:A/A* = _ k + 1

k+l

(x I+_M _

I_(_) = I, \T_-o_' CoL _b, _ , see defini-

tion in text

)I_(v) = I_ \To. c''' s°b' rl , see defini-

tion in text
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Fig. 3 Two-stream, Inviscid, interacting flow model
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geomeh'ic ch'tracteristics of this system are an axisymmetric

primary nozzle which produces uniform supersonic flow at the

n.zz]e exit,_ a cylindrical constant-area shroud, and a secondary-

stream entrance section which establishes at Section 1 the

minimum geomelrical flow area.

Sleady-statc ejector operation, depending upon the relative

level _)f the ambient to primary pressure ratio (PdPop), can be

divided into) two flow regimes. These flow regimes are determined

according to whether the upstream flow conditions are inde-

pcndenl of the pressure ratio (PUPop) or dependent on it. These

flow regimes will now be analyzed.

Upstream Flow Conditions Independent of

Ambient-to-Primary Pressure Ratio

]?_>r certain values of the primary and secondary stagnation

pressures, tl_(, secondary stream will attain sonic flow conditions at

Secti,m 12 The secondary flow will remain choked at Section 1

until lhe value of Pc,/Pop is reduced so that the secondary flow
attains sonic cq,nditions somewhere downstream of Section 1 as a

result .f lhc mutual interaction between the primary and sec-

ondary slreams3 Further reduction of the stagnation pressure

rati{b I't_,/l)nj,, will cause the primary jet boundary to be first

(angcni .rod then to impinge on the shroud wall until the mini-

mum pressure ratio (the internal base pressure ratio) is reached.

In the vicinity of small secondary flow rates, it has been recog-

nized thai the viscous effects are the dominating flow mechanism

12-,_I.
"Saturated Sup_rsanle" Flow Regime. Since the secondary flow is

choked at Section 1, the mass-flow characteristics for this regime

are readily established [14] as

[w. 1 A,.
IV, \ To_/ aM,,-1 = A_,* " Po_, (8)

"$upareanic" Flew Regime. For this flow regime, the choking

point is now located in the downstream region, e.g, at the point

m, Fig. 2. If the mixing along the boundary of the primary and

secondary streams up to m is considered to he a secondary effect

in the sense of boundary-layer concepts, the flow" field between

Section 1 and the choking location can be determined from the

mutual interaction between the "corresponding inviscid secondary

and primary streams." After the flow field has been determined

from the inviscid interaction, the effects of mixing can then be

accounted for by superimposing the mixing region on the inviscid

solution.

Inviscid Two-Stream Interaction. The inviscid-flow model consists

of the uniform secondary stream interacting _ith the expanding

primary stream, Fig. 3. The secondary stream is considered to be

one-dimensional in nature while the primary stream is treated by

the method of characteristics. The requirements of this flow

model are that the streams coexist in the available flow area, that

5 The nozzle is assumed always to flow full.
Termed by Fabri, et el., as the "saturated supersonic" flow regime

[9.10, 11].
7 Termed by Fabri, et el., as the "supersonic" flow regime [9, 10, 11 ].
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the pressure aer_)ss the boundary of the streams must be con-

tinuous, and that the secondary flow area must be minimum at the

location where M, = l, e.g., at m

dZ..l,_ = 0 when M,,_ = 1 (9)

For a chosen pair of values of M_ and P_,/Pop(<Plp/Poz,) a the

primary fluid will undergo a Prandtl-Meyer expansion at the

corner, and the primary flow field may be calculated by repeated

"field point" calculations. For the calculation of the boundary

points, which requires consideration of the secondary flow field,

one assumes that the boundary point n and the field point q, Fig. 3,

have been established by previous calculations. Then for the

unknown boundary point n', Z,,, and R,,, may be found from

the relations

(R_, -- R.) = (Z., -- Z..) tan 0,,,,, (10) g

and

(R., -- Rq) = (Z., -- Zq) tan (0 + a)q., (i1)

The condition <)f coexistence in the available area yields the re-

lationship for M,':

A (R_ 2 -- R. ,2) A

A--* (M,') = (R_ 2 _ R,,:) A* (M,,) (12)

where A/A*(M) is the one-dimensional area function [14]. The

requirement of continuity of pressure across the boundary gives,

for the point n _, the relationship between Mach numbers Mp_ _

and M,'

[Po_ (M_,.,) = _ (M.') (P_./Pop) P0. (M_.) (13)

where

P I [_ - l l -k/(k-1)Pc (_) = _ + _ _

Yrom the characteristic relation,

(Mp.,* - M+*)
(0., -- 0_) (M* tan _)_.,

F1 tan 0 tan _ 1
+

L _ (tan0 +_an-_)J_., (R.,- R_) = 0 (14)

the streamline angle of the primary fluid, 0..,, can be found.

The flow-field calculations are continued until a minimum

secondary-flow area is established; the criterion for such a

minimum area is

dRy, Rw(Z) dR._(Z)

dZ R_( Z) dZ

which for the present case becomes

d--Re = 0 since dRw(Z)
dZ dZ

(15a)

0 (15b)

In general, the secondary-flow Mach number at this minimum

area will he less than one if the initially selected value of M_, is

small; hence by gradually increasing the value of Nt_,, for the

same P_,/Pop, one will eventually obtain sonic flow conditions at

the minimum secondary-flow area. This value of M_o is defined

as the "limiting" inviscid initial Mach number M_0t._. For the

values of M_,_._ and P,JPo_,, the "limiting" inviscid mass-flow

ratio is given by

M_, and P_,/Pop were chosen as independent variables to facilitate
the calculations.

The double subscript notation implies that the average values of
the variables are to be used.
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Fig. 4 Flow model for constant-pressure iet mixing between two streams

F{To.V/' W.'] = A,o [P,.IPop] f(M,.,.,) (16)

LVo,, w,,j,,, A,, IP,,IPo,]/(Mlp

wheref(M) is the mass flow function

)7k -- IM2
f(M) = 1 + - 2 -

M

In addition to the inviscid mass-flow ratio, detailed information Fig. 5
regions

concerning the flow field is obtained, e.g., the pressure distribu-

tion along the shroud and the local flow properties along the non-

constant pressure boundary between tile streams.

It should be pointed out that the calculations folh)w typical

step-by-step iterative procedures which can only be performed by

a high-speed digital computer. The calculations for tile present

study were carried out on Illiac. TM

Two-S_m Viscous Mixing. For the present problem, the mixing

actually takes place along a non-constant pressure boundary.

However, the assumption is made here that the viscous effects,

between the two compressible streams, may be evaluated on the and

basis of quasi-constant-pressure turbulent jet mixing. This l"'/T"_
method approximates the actual velocity profile, at a given sec- I2 \T0_
tion, by the velocity profile which would result if the two streams,

based on local flow conditions at this section, were mixed at con-

stant pressure [ 15]."

It has been established for fully developed turbulent jet-mixing

regions that the velocity profiles are similar for the homogeneous

coordinate _ = ery/x where a is a similarity parameter [16, 19].

The velocity profile for the two-stream fully developed turbulent

jet-mixing region is given by [17]

where q_b = uJu,,.

This profile is assumed to hold for a coordinate system z, y that

is essentially displaced from the physical coordinate system X, Y,

Fig. 4, by an amount y_, i.e., and

x .._ X

and y ._ Y + y,_(x) with y_,(0) = 0. The value of y,_ must then

be determined by the application of the continuity and momen-

tum-integral relations to the control volume in Fig. 4. As a result

of this analysis, y,_ expressed in dimensionless form as r/_ is given

by

1

(t - _b)

]o Electronic digital computer, University of Illinois.
11 This analysis is an extension of the previous study of mixing

between a single stream and a quiescent wake which has been widely
adopted for separated-flow studies [ 16 ].
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Dimensionless displacement thickness for two-slream mixing

where I,(y ), I_(y) are the short notation for the integrals

(T_, ) (1 -- C.')_,)?.bI, \To. C.', eb, , = (T'-_/'T£ =_')

" (1 - C.2)_ d_/+ (A C.'_ _)
Rb

(19a)

(1 -- C_)_b_Rb

+ _'' (1 -- 0._)¢ _ dl? (10b)

g, ._ (A C._ _)

A(r/), the stagnation-temperature profile, is given by the Crocco

integral relationship for fluids of unity turbulent Prandtl number

as

To i I(To_ ) ( TOb_ lA(r/) To. (1 --¢6) _0_ -- _'_ + 1 -- To.if (20)

_1_. and _R_ are, respectively, positive and negative values of

such that

(1 - _,(_o)) < _,, i I - h(_)[ < _

Tob A(_n_)@(_b) -- ¢_) < _, _ - < _

where _,, e.o, e_, and e_ are arbitrarily small positive quantities.

It can be shown that the "jet boundary streamline," j, which

separates the two streams, will satisfy the relationship

I,(_) = [l'(nR.) -- I_(_.)1/(1 -- _Pb) (21)

A displacement thickness, _*, due to the mixing between the

streams can be defined, for convenience, as (Fig. 4)

_b
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Fig. 7 Flow model within Region I (small secondary-flow rates)

This displacement thickness can be evaluated in dimensionless

form by

')
__ O.[i{_, -- Caleb 2 '

- [II(r/i)] -- r/.. (22)
x _b(1 - C, _)

where o'n is the two-stream similarity parameter. For the present

analysis where A _ 1 (isoenergetic mixing), the dimensionless

displacement thickness has been evaluated and presented in Fig.

5 for various values of the parameter C_ 2. The numerical results

of a rational consideration [17] of all are plotted in Fig. 6.

This mixing region is superimposed on the already calculated

inviscid-flow field, and the effect of the mixing will result in an

increase in the secondary-flow rate which is given in dimension-

less form by

Ai_t7 2 A RM x_, Po, - o',,_'7w, J,,_ o-. A* (Mtp) R,, R,, Po, '_- x_..
(23)

where AW,/Wp is to be evaluated using the stream properties at

the section where the secondary flow is choked.

The limiting initial secondary-flow Mach number Ml,z (with

the viscous effects included) can now be found through the rela-

tion

Alp P/Pop(M_p) r/iT,. \ /aw.'f<M,.,)A,. ..
The foregoing analysis can be used to determine the ejector-

flow characteristics within the supersonic regime as long as the

primary jet boundary does not impinge on the shroud wall (de-

fined here as Region II) and the two-stream, inviscid-flow field is

not significantly modified by the mixing.

At low values of P]°/Poj,, which correspond to low secondary-

flow rates, the secondary fluid entering at Section 1 will be com-

pletely entrained while it is interacting and mixing with the

primary stream so that the primary jet boundary will impinge on

the shroud wall, Fig. 7. Near the impingement point, an

oblique shock wave exists which creates a region of high static

pressure immediately do_-nstream of the impingement point.

For the recompression, tim strength of this shock is determined

from the plane two-dimensional oblique shock relation

P4 P4

p---_ = pp-_ (My=, Or. ) (25)

where IVlp_ and Ov_ are the Math number and the streamline

angle of the primary stream in the vicinity of the impingement

point, Fig. 7. The values of Mp, and 0po are obtained from the

inviseid interacting-flow field calculations for small selected

values of P],/Pop and M_,.

A "discriminating" streamline d, Fig. 7, can be defined within

the single-stream jet-mixing region (¢b = 0) as the streamline

which has just sufficient mechanical energy to penetrate into the

region of high static pressure downstream of the impingement

point through a complete isentropic (although irreversible

d!abatic) recompression) _ Hence, it divides the entrained fluid

which has sufficient mechanical energy to "escape" from the wake

and the fluid which remains in the wake. The "discriminating

streamline" can be determined from the relationship

P. Pod [" k -- 1 7 -(_-'-kl)

P_. N - LI _._-iM:,j
(26)

The secondary flow which "escapes" into this high-pressure re-

gion is then given by

("Wo "- 2_'R2 p_My (27)

where j is the "jet-boundary streamline" and d is the "dis-

criminating streamline" within the mixing region with _ = 0,

Fig. 7. Equation (27) can be reduced to the dimensionless form

('_b= O)

W, 7 2 R_ x_ A/A*(M_)w_J.u = o'-/R_p R,_, A/A*(Mp,) [l'(rb) - I/_'_)] (28)

where ¢_ is the single-stream mixing parameter.

Since small values of M_° and P_,/Pop were selected in order to

determine the inviscid interacting flow field, continuity of the

secondary fluid requires that the solution value of M],, namely,

MI,,, must satisfy the relationship

W, 7 A_, (P,°/Po_) f(M_.)
(29)

W_JM A_ P/Pop(Mx_) f(M_)

The value of N4ta must then be found by a trial-and-error proce-

dure for each selected value of P]°/Po_, until equation (29) is

satisfied.

The mass-flow characteristics for this flow regime (termed here

_ This concept is termed as the "escape criterion" [2, 3 ].

Journalof BasicEngineering



Fig. 8 Typical solution surface for steady-state elector systems (JV_].
versus P]*/Pop and Pa/Pov) Fig. 9 Typical mass-flow characteristics For an ejector system (W_/Wp

versus Pos/Popand Pa/Pov)

Region I) are established by calculating Ivl]0_ for various values of

P_,/Pov which will join smoothly with Region II. 1_ For the limit-

ing case, the internal base pressure solution will be obtained,

M_ot = 0, for which the primary stream boundary is a constant-

pressure boundary and the j and d-streamlines coincide. Thus,

the ejector steady-flow characteristics can be established by the

foregoing calculation method, in the functional form

M1,t = Ml.t( Px.IPo_,) (30)

Wo _ _ (Po,/Po,)

and

(31)

for the flowre_me where the upstream flowconditions are inde-

pendentof PJPop.

Flow Conditions Dependent on Ambient-to-Primary
Pressure Ratio

As was pointed out by Fabri [11], the secondary flow, in this

regime, remains subsonic throughout the shroud and tt e primary

stream is recompressed by a complicated series of shock waves./4

If the shroud is sufficiently long, the primary and secondary flow

can be assumed to be subsonic and uniformly mixed at some

downstream location. The ejector characteristics can then be

established by a one-dimenslonal method of analysis similar to

that used by Fabri [11] which includes the looses as a result of

friction along the shroud walh However, for the purposes of a

unified treatment and ease of calculation, MI. and P_,/Pov, are

chosen as the independent variables. On this basis, the ejector-

flow characteristics can be found in the form

and

MI. = M_.(P,,/Pop, P,/Pov)

w. w. (Co.
/

(32)

(33)

A particularly useful representation of the overall operating

'_ M. Sirieix, in a recent publication [181, obtained a solution for

this flow regime (Region I) by assuming N4,, = 0 and then employing
constant-pressure jet boundaries in his calculations, tlowever, a

r- ,s-m

1
Fig. 10 Experimental elector configuration

characteristics of an ejector system can be obtained by represent-

ing equations (30) and (32) as an ejector "solution surface,"

Fig. 8. :It should be noted that the "break-off curve" defines the

transition from the flow regime which is independent of ambient

pressure ratio to the regime which is dependent on this ratio.

This curve is established when Mt,t obtained from equation (30)

also satisfies equation (32) for a particular pair of values of P_o,/Pov

and Pa/Po_. The (PJP0p), vahm is determined on this curve

when P_,/Po_, is the corresponding base-pressure ratio.

The steady-state, mass-flow characteristics can also be pre-

sented as a three-dimensional "solution surface," Fig. 9; also

shown in this figure is a typical "locus of quasi-steady" operating

conditions for the ejector starting analysis (where W,/Wr is now

considered as a function of _" = P9,(t)/Pov).

Calculationof the StartingCharacteristics
modification of the theory, which considered the mixing-region thiclc- WolW_ = W, iW_(_), established from equation (31), may

ness near the reattaehment point, was necessary to obtain agreement now be used to evaluate numerically the integral in equation (7).
with experimental results.

_ Termed by Fabri as the "mixed" flow regime. The initial condition is that at t = 0, the flow ratio is given by

6 Transactionsof the ASME
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This initial condition is justified as a result of the very rapid

establishment of tile flow fields. It is expedient to define a

characteristic time for the starting process as

= : Fo.o ' _b = C_,a,R)1 (34), 0
where C_o. R is the reference Crocco number of the primary stream

which corresponds to tile base-pressure solution, M,ol = 0.

Equation (7) is now of the form

(r -- to) = (lfl -- toll) = E(_, _o) (Ta)

TheoreticalandExperimentalResults
The experimental investigation was carried out with a snmll-

scale cold-flow ejector model, Fig. 10. The primary flow was sup-

plied by a compressor with a capacity of 0.8 lb per sec at a pres-

1.0I_ THEORY-- ,,A,, " --
I EXPERIMENT ot=OlO(_'_-_--_=97.2%)
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Fig. 12(a) Steady-stale elector characterislic$ at low amblenl pressaro

ratios (M1,K versus P],/Pm_)
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Fig. 12(b) Steady-state, mass-flaw characteristics at low ambient pres-

sure ratios (WJWp versus Po,/Pup)

sure level of 100 psia. The secondary flow was supplied either

from atmosphere or pressurized tanks.

For the starting study, the primary flow was established by a

quick-opening valve in less than 7 millisec. The secondary cham-

ber was a sealed but yet variable volume. All pertinent pressure

measurements were made using unbounded-strain gage trans-

ducers and were recorded with an oscillograph. The experi-

mentally determined variation of the secondary stagnation pres-

sure with respect to time, for a constant initial value of Poo/Po_

(t = 0) and various values of the secondary volume, is presented

in Fig. ll(a) for an ejector system with M,_ = 2.0 and A_/A,_ =

3.06. These data can be reduced into a single curve by plotting

this variation against a dimensionless time, r = t/t, as sho_-n in

Fig. ll(b).

For steady-state operation, the secondary flow was measured

with a VDI standard nozzle, and the pressure measurements were

made with precision manometers. Steady-state experiments, for

an ejector system with M,r _ 2.0 and A2/A,v = 3.06, were made.

The values of the "limiting initial secondary-flow Mach number"

(h4,,t) were calculated from the experimental pressure data and

are presented in Fig. 12(a) for various values of the measured

pressure ratio P,JPov. The measured secondary mass-flow rate

is presented in Fig. 12(b) as a function of the stagnation pressure

ratio Poo/Pov; this flow rate was also confirmed by calculations

based On the experimental pressure data.

Theoretical calculations, based on the methods of this paper,

were made for the ejector system tested. The results of these

Journalof BasicEnjineering



calculations are presented in Figs. i 1 and 12 f_r direct comparison

with experiments. Also sho_'n in Fig. 12 are the steady-state

characteristics of this ejector system which were calculated by

Fabri's method [ll].

Discussion

It is obvious from the results which have been presented here

that the agreement between the present theory and experiments

is very good. Although Fabri's analysis gives comparable results

for the steady-state analysis, his method cannot be employed for

ejector systems with non-constant area shrouds. In addition,

Fabri's method cannot be used to predict starting characteristics,

since the viscous effects were completely ignored.

It should be mentioned that the scope of this analytical and ex-

perimental investigation actually covered three ejector systems

[1] (M_p = 2.0, A2/A_p = 3.06 add 1.96; M_p = 1.5, A_/A_p =

4.39). Good agreement between the theory and experiment was

also obtained for the ejector systems which are not reported

here.

The present steady-state analysis can be used to study eject()r

systems with arbitrary shroud shapes if the minimum-area cri-

terion is redefined, and it can also be extended to consider fluids of

different compositions.
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